Cell-free expression and sample preparation. PR retains its native structure in the E. coli membrane [1] but is also well expressed in an E. coli-based cell-free expression system. [2] For structure determination we chose the continuous-exchange cell-free expression system [3] as it greatly facilitated selective labeling strategies for the assignment process and the sample preparation was less time-consuming than bacterial expression. The cell-free expression system furthermore allowed elimination of the signal peptide sequence of PR [4] without reduction of expression yield and stability. The green-absorbing variant of proteorhodopsin (PR) was therefore cloned without the signal peptide into the pIVEX2.3d vector (Roche Applied Science) optimized for cell-free expression. In addition to the 229 residues from PR (amino acids 21-249) the construct consists of the N-terminal Met, a hexa-His-tag on the C-terminus and a 5 residue long linker region N-terminal to the His-tag resulting in a final size of 241 amino acids, 26 kDa. For assignment of the characteristic H75 a Strep-tag (WSHPQFEK) was cloned at the C-terminal end in place of the Histag. Continuous-exchange cell-free expression was based on an S30 extract and followed standard protocols. [3] PR was expressed in the presence of 0.6 mM all-trans retinal in the detergent mode (D-CF) using 0.4% digitonin (Sigma) mixed with diC7PC (1,2-diheptanoyl-sn-glycero-3phosphocholine, Avanti Polar Lipids) in a 4:1 molar ratio. Ni-affinity purification was conducted with 0.05% DDM (dodecyl-β-D-maltopyranoside, AppliChem) in the loading and washing buffer and the detergent was exchanged into 0.1% diC7PC prior elution. Strep-tagged PR was purified via a Strep-Tactin matrix (IBA GmbH) with 0.1% diC7PC in the washing and elution buffer. Buffer exchange was achieved by either centrifugal concentration devices (10,000 MWCO, Amicon) or gravity flow PD10 Desalting columns (GE Healthcare). NMR samples were buffered with 25 mM NaOAc, pH 5 and 2 mM DTT. The detergent concentration in the NMR sample added up to a final value of 2%. Side chain assignment and 13 C-edited NOESY experiments required the use of deuterated acetate (Cambridge Isotope Laboratories, CIL) as well as deuterated detergent of which both forms (D 26 and D 39 ) were synthesized by Avanti Polar Lipids. The samples were exchanged into deuterated detergent during the detergent exchange step on the Ni-affinity column.
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Sample preparation for PRE measurements. Single-cysteine mutants for PRE measurements were created by QuikChange site-directed mutagenesis (Stratagene). After NiNTA purification, the sample was divided into two parts. One half was processed as described above and used as the reference sample without paramagnetic tag. The second half was tagged with the spin-label MTSL Sample preparation for RDC measurements. Weak alignment of PR samples was achieved by stretched 4% polyacrylamide gels as alignment medium. Different molar ratios of acrylamide and N,N'-methylene-bisacrylamide were tested (37.5:1, 50:1, 75:1, 150:1), as well as a positively charged gel composition consisting of APTMAC ((3-acrylamidopropyl)-trimethylammonium chloride) and N,N'-methylene-bisacrylamide in a 19:1 molar ratio. Best spectral quality and sufficiently large dipolar couplings were obtained at an acrylamide:N,N'-methylene-bisacrylamide ratio chemical shifts, 1 H α resonance assignments were obtained from carbonyl-detected 3D HCACO, [8] taking advantage of 1 H α -13 C α multiple-quantum line-narrowing. [9] The sequence-specific assignment of methionine methyl groups was performed in two steps: A double-sensitivity enhanced 3D
(H)CCH-TOCSY [10] was employed for the assignment of βand γ-CH 2 groups. Methyl groups were then linked to γ-carbons via 3 J HεCγ couplings using a modified version of the 3D HMBC experiment. [11] The pulse sequence concatenates long-range and direct HMQC type transfer steps to provide three-bond 1 H ε -13 C γ and one-bond 1 H ε -13 C ε correlations in separate dimensions and uses methyl-selective proton pulses to accelerate longitudinal relaxation. [12] The same sequence was employed to correlate Thr methyl groups with αand β-carbons as well as Ile δ-methyl groups with βand γ1-carbons and Ile γ2-methyl groups with α-, βand γ1-carbons. Connectivities between Thr/Val methyl groups and αand β-carbons were also obtained via 1 J CC couplings in HMCMCB and HMCMCBCA experiments, again using methyl-selective proton pulses. Applied to an Alaselectively labeled sample the former experiment provided correlations between β-methyl groups and α-carbons. Assignments from scalar coupling based experiments were confirmed and supplemented with information from a 3D [ 13 C, 1 H]-HMQC-NOESY-[ 13 C, 1 H]-HMQC experiment (60 ms mixing time) and a 3D 13 C-detected (HCC) version of a 13 C-13 C NOESY experiment (600 ms mixing time). [13] Side chain assignment of oro-SAIL Leu and oro-SAIL Val was achieved with information from 1 H-methyl detected out-and-back experiments, [14] 4D 15 N, 13 C-separated NOESY as well as 3D 13 C-separated NOESY. Proton-detected 3D HCACO and (H)CCH-TOCSY experiments were recorded to account for the deuterium isotope shift and to transfer the assignment to uniformly labeled samples. Sequence-specific assignments of aromatic Trp resonances were S6 obtained with a ALVW-labeled sample by correlating δ1-CH groups with β-carbons using a 3D
[ 13 C, 1 H]-TROSY-HCD(CG)CB experiment. [15] Knowledge of 13 C δ chemical shifts enabled the assignment of ε1-NH groups by application of a 3D [ 15 N, 1 H]-TROSY-HNC pulse sequence.
Chemical shifts of the remaining indole CH groups resulted from correlations with δ1 and ε1 protons in a 3D NOESY-[ 13 C, 1 H]-HMQC experiment (50 ms mixing time), which also provided intraresidual NOE contacts to αand β-protons to support sequential assignments and contributed long-range distance information.
Medium-to long-range NOEs involving methyl groups in ALVW-labeled PR were derived from a 4D SOFAST-methyl-TROSY 13 C, 13 C-separated NOESY experiment (mixing time 50 ms). [12] The same experiment was carried out on a AILMTVW-labeled sample (mixing time 70 ms) using 28%sparse non-uniform sampling. Data processing of the latter spectrum was achieved using multidimensional decomposition (MDD) [16] within the TopSpin 3.1 software (Bruker). Retinal-to-protein NOEs were also contained in these NOESY experiments. Additional NOEs involving protein amide groups came from a 2D 15 N-separated, 13 C-edited NOESY (mixing time 100 ms).
BEST-[ 15 N, 1 H]-TROSY experiments were recorded for PRE measurements on selectively labeled
samples. An additional spin echo of either 8 µs or 8 ms duration was incorporated into the initial INEPT period for analysis by the two-time-point method. [17] The measurement of 1 D NH RDCs relied on the F 1 peak displacement of TROSY ("south-east") and semi-TROSY ("north-east") components selected in an interleaved manner with a 2D BEST-[ 15 N, 1 H]-TROSY type pulse sequence. In order to partially compensate for the differential linewidths the scan repetition time for recording the TROSY component was linearly decreased from 400 ms to 150 ms in concert with t 1 [18] while the delay was increased from 400 ms to 1.1 s for recording the semi-TROSY component. The precision of the RDC values is estimated to ± 3 Hz based on duplicate measurements for Ala and Phe residues present in two of the three samples. [ 15 N, 1 H]-SOFAST-HMQC experiments [19] were used for bicelle samples and the [ 15 N, 1 H]-TROSY was employed for uniformly labeled samples during titrations with paramagnetic agents. Spectra were processed with Topspin (Bruker) and analyzed in Sparky (T.
D. Goddard and D. G. Kneller, University of California, San Francisco).
Sample optimization and conformational exchange line broadening. After screening different expression and purification conditions, UV-VIS spectroscopy and size exclusion chromatography
suggested that PR was stable and monodisperse when expressed in a 4:1 molar ratio of digitonin/diC7PC in the presence of retinal and subsequently exchanged into the short-chain lipid diC7PC alone (Supporting Information Figure S1 ). In addition, melting curves obtained by CD spectroscopy showed a sharp transition above 70°C further demonstrating the stable formation of S7 detergent-solubilized PR (Supporting Information Figure S1 ). Judged from the size-exclusion elution profile, the proteo-micelle has an approximate molecular weight of 80-90 kDa which is further corroborated by a 2D TRACT (TROSY for rotational correlation times) analysis [20] of selectively 15 N-valine labeled PR (Supporting Information Figure S2 ). The high molecular weight of the PR proteo-micelle necessitated an elevated measuring temperature of 323 K and further improvement of the spectral quality was observed upon lowering the pH of the NMR sample to pH 5 (Supporting Information Figure S2 ). Nonetheless, conformational exchange of certain amino acids was still present as manifested by a field-dependent line broadening observed in a series of [ 15 N, 1 H]-TROSY spectra ( Figure 2 ). In this regard, screening of different protein-to-detergent ratios revealed a critical detergent concentration close to the critical micellar concentration of diC7PC which in the experimental setup corresponded to a molar ratio of 1:83. At higher detergent concentrations and molar ratios the spectral quality improved significantly (Supporting Information Figure S3 ). For structure determination, all measurements were carried out at a detergent concentration of approximately 2% (corresponding to 41.5 mM) lying well above the critical protein-detergent ratio. Nevertheless, the assignment process remained challenging, since conformational exchange was not abolished completely and line broadening occurred predominantly at high field. It is important to note, that the conformational exchange has not only been observed for cell-free expressed PR but also for samples expressed in E. coli and purified according to the same protocol.
Flash photolysis experiments. Short-chain phosphocholines have already proven beneficial for a number of membrane proteins also including the seven-transmembrane-helix receptor SRII. [21] Functional evidence of PR solubilized in the diC7PC micelle was obtained from flash photolysis measurements monitoring the PR photocycle (Supporting Information Figure S1 ). As the photocycle characteristics differ below and above the pKa of the proton acceptor D97, measurements were performed at pH 5 and 9. For pH 9 three transients were measured which are indicative for population changes of the ground state (λ Probe = 500 nm) as well as the blue-and redshifted photocycle intermediates (λ Probe = 410 nm and 590 nm) (Supporting Information Figure S1 ).
Directly after photoexcitation a positive absorption change is monitored at 590 nm. This contribution can be attributed to the K state. It decays mainly on a 10 µs time scale (τ 1 = 6 µs), in good agreement with former measurements. [22] The Although the same optical geometries and pump pulse energies were used for the measurements at pH 9 and pH 5, the overall signal size is drastically smaller under acidic conditions. In addition, changes of the absorption maximum of the late red-shifted intermediates were noticed. Transients were thus measured for the depopulation of the ground state at 500 nm and the absorption of blueand red-shifted intermediates at 410 nm, 600 nm and 650 nm (Supporting Information Figure S1 ).
In agreement with former experiments [23] the photocycle is completed slightly faster at pH 5 compared to pH 9 (τ TO (pH 5) = 310 ms, τ TO (pH 9) = 660 ms). As at pH 9, the red-shifted K Measurements at both pH values indicated the existence of functional photocycles as they were also reported in previously published measurements in DDM micelles. [23] Secondary structure prediction and structure calculation. Prediction of the secondary structure elements of PR employed the program TMHMM (transmembrane prediction using hidden Markov models) [24] and PsiPred protein secondary structure prediction. [25] Topology predictions based on NMR chemical shifts included TALOS+ (Torsion Angle Likeliness Obtained from Shift and Sequence Similarity) [26] and the chemical shift index (CSI) method. [27] The structure of PR was calculated with CYANA based on torsion angle restraints, α-helical hydrogen bond restraints, shortrange H N -H N NOEs, medium-to long-range NOEs and distance restraints from paramagnetic relaxation enhancement as well as restraints from RDCs. TALOS+ was used to derive torsion angle restraints based on chemical shift data including H N , N, H α , C', C α , C β where applicable. Hydrogen S9 bonds were introduced for residues located in α-helices but not for helix E' and the potential πbulge region in helix G. Medium-to long-range NOEs were given an upper limit of 5 Å. PRE-based distance restraints were derived by a combination of the two-time-point measurement [17] and the method used by Battiste and Wagner. [28] For signals with inherently low signal-to-noise ratio, calculation by the two-time-point method did not provide meaningful data. We thus used the calculated distance restraints of a minor set of resonances with good signal-to-noise ratio to determine a linear relationship of the paramagnetic/diamagnetic peak intensity ratio to the distance.
On the basis of this linear approximation, the remaining distance restraints were derived.
Resonances that were strongly affected by the spin label were assumed to have distances less than 13 Å. Distances ranging from 13 to 20 Å were converted into upper and lower limits with a ± 4 Å error margin. Signals without a detectable PRE effect were assigned a lower limit of 20 Å. Control experiments on a cysteine-free mutant (C107A, C156A, C175S) were conducted to account for unspecific binding. The experimental RDCs, covering the range form -26.9 to -2.4 Hz, were used to determine the initial alignment tensor magnitude and rhombicity via the histogram method incorporated in CYANA, which were subsequently refined by fitting against the structure. CYANA structure calculations with torsion angle dynamics [29] were performed with 200 conformers. The 20
conformers with the lowest target function values were superimposed with an rmsd to the mean coordinates of 0.87 Å for residues 23-169, 178-208 and 215-247 as identified by CYRANGE [30] and 0.81 Å within the transmembrane region (Supporting Information Table S1 ). To validate the structure, complete sets of PRE restraints for each cysteine mutant were excluded one by one from the structure calculation. The resulting structures were very similar with rmsd values to the original structures ranging from 0.47 Å to 1.34 Å.
Structural validation.
To further validate the structure and to distinguish solvent-accessible extramembrane residues from residues buried inside the micelle, we conducted titration experiments with paramagnetic agents that are either water-or detergent-soluble such as Mn 2+ and 16-doxy-1stearic acid (16-DSA), respectively (Supporting Information Figure S7 Titration steps were measured at 1, 2, 4 and 8 mM.
Both agents led to a reduction of signal intensities in [ 15 N, 1 H]-TROSY spectra due to relaxation enhancement. Titration with the paramagnetic metal ion Mn 2+ showed broadening of resonances of the N-and C-termini and some loop residues. Altogether, only a minor subset of residues was S10 affected by the Mn 2+ ions indicating that the protein is deeply buried within the detergent micelle.
One or two helical turns of helices A, B and G are protruding out of the micelle and also the F-G loop is highly solvent exposed. In contrast, titration with 16-DSA had a great impact on the spectra with affected residues forming a belt-like arrangement around the center of the helices (Supporting Information Figure S7 ).
In another approach to show that the structure presented here is indeed close to the state in lipid bilayers and not an artifact of the detergent micelle, we reconstituted PR in a bicellar system [31] composed of the long-chain lipid DMPC (dimyristoyl-phosphocholine) and the short-chain lipid diC7PC. The presence of a bicelle was confirmed by 31 P-NMR. Due to the large size of the proteobicelle deuteration of the protein was required to obtain [ 15 N, 1 H]-correlation spectra. Comparison with the spectra of detergent-solubilized PR revealed broader line shapes for the proteo-bicelle sample but an otherwise very similar peak pattern (Supporting Information Figure S2 ). group were identified suggesting a distance below 5 Å. In total, 6 distance restraints to the C 20 retinal position could be derived involving residues V102, L105, W197 and N230. c) Four additional upper limit distance restraints derived from biochemical data were employed to model the retinal binding pocket. References are given below. d) Sequence alignment of PR with its homologues from bacteria (XR, PDB ID: 3DDL) and from archea (BR, PDB ID: 1C3W and SRII, PDB ID: 2KSY).
S20
Highly conserved residues involving the retinal binding site and the primary proton acceptor are highlighted in red. XR and PR share the His residue close to the primary proton acceptor and a Glu as the primary proton donor in place of an Asp in BR (highlighted yellow). Residues that were involved in the experimental distance restraints with the C 20 methyl group in PR are highly conserved and colored in green. The amino acid sequence forming the anti-parallel β-sheet is surrounded by a blue box. This region is significantly shorter in PR, as compared to the other three sequences, disfavoring formation of an extended β-sheet for a β-turn. S21 Tables   Table S1 . Restraints and structure calculation of PR. 
Restraints

